This paper discusses a personalized heart monitoring system using smart phones and wireless (bio) 
Introduction
Cardiovascular disease is the leading cause of mortality in the developed world. Cardiovascular disease refers to various medical conditions that affect the heart and the blood vessels. These conditions include coronary artery disease, heart attack, myocardial infarction (MI), angina, congestive heart failure, hardening of the arteries, stroke and peripheral vascular disease. The risk factors for developing cardiovascular diseases can be medical but also lifestyle related [1] . Major risk factors are:
• High Blood Pressure • Diabetes Mellitus • High Blood Cholesterol and other Lipids Being overweight or obese also contributes to developing cardiovascular diseases. Obesity is becoming a major problem in developed countries and the World Health Organisation (WHO) estimates that 1 billion adults are overweight and at least 300 million of them are obese [2] . Finally smoking (tobacco) is another lifestyle factor contributing to developing cardiovascular diseases.
With an ageing population, cardiovascular diseases will only increase over the next 10 to 15 years since it predominantly occurs in the age group of 55 and over [1] . The estimated direct and indirect cost of cardiovascular diseases in the United States alone is $393.5 billion for 2005 according to the American Heart Association [1] .
To reduce the cost and the anxiety of people with known cardiovascular diseases we propose a portable monitoring system that monitors the heart and notifies the person or external party in case of abnormalities. Our monitoring system is meant for patients that are at risk and need to be monitored continuously. Our system focuses on the following key aspects:
• Monitoring: Continuously heart monitoring using an ECG sensor. In case of a heart failure the monitoring device should immediately call an ambulance and warn caregivers. Also the location of the person should be reported automatically so that ambulance services can be directed to the patient.
• Cardiac rehabilitation: This aims at maximizing physical, psychological and social functioning to enable patients to live productively and with confidence [4] . Our system aims at monitoring and encouraging the patient to perform his/her physical exercises as well as improving confidence by constant monitoring. Underlying causes for the cardiovascular diseases are often high blood pressure, being overweight or a high cholesterol level. Cardiac Rehabilitation aims at making lifestyle changes such as getting more active, loosing weight, reducing stress or quit smoking.
Our objective is to investigate and develop a portable application whereby a heart patient is monitored using one or more (wireless) sensors. The sensor data is collected and transferred wirelessly to a smart phone.
A state-of-the-art on heart monitoring solutions can be found in [6] . Our solution is similar to AMON [7] , MOLEC [8] and Epi-medics [9] which analyse the ECG signal on the local device. One distinction of our solution compared to the others is that we can personalize the monitoring and we have mechanisms in place to locate the user in case of emergency. We detect life threatening arrhythmias and give the patient general information about their health when they are not in a dangerous situation. We also include rehabilitation applications that can be personalized for the patients and monitor their progress. This paper presents an overview of our monitoring system to date. We focus in this paper on the usage of the application by a heart patient. Section 2 describes various scenarios each describing a typical situation and illustrates how our prototype is used. Section 3 gives the status of our prototype and research work. Section 4 concludes this paper.
Scenarios
This section discusses several scenarios showing the daily use of our application from the perspective of a patient and a health centre. John Smith has had a heart attack and is about to leave the hospital. John is very concerned that he will be struck by another heart attack and his concerns are confirmed by the American Heart Association indicating that people who've had a heart attack have a sudden death rate that is 4 to 6 times that of the general population [1] . To reduce his anxiety the cardiologist offers John the possibility to borrow a smart phone and sensors that will monitor him 24 hours a day.
Seeing the cardiologist
The cardiologist performs several checks on John to determine which sensors he needs and the threshold levels for each sensor.
An ECG recording is made and the average heart rate is determined for John. Because of John's age and his recent heart attack the cardiologist decides that the heart rate should not go over 120 bpm for the next 30 days. Furthermore, the ECG diagram shows that John suffers from Premature Ventricular Contractions (PVC) which in itself is not a problem but needs to be monitored.
The blood pressure is taken and John suffers from moderate hypertension. His blood pressure needs to come down and the cardiologist prescribes a blood pressure-reducing medication. The cardiologist determines that John should monitor his blood pressure three times a day.
John's weight is measured and the cardiologist determines his body mass index (BMI). It turns out that John is overweight and needs to loose weight in the abdominal area. The cardiologist puts him on a DASHdiet which promotes fruits, vegetables, whole grains and low-fat dairy while limiting saturated fat and red meat. He also recommends John to start exercising moderately every day as advised by the Australian Heart Foundation [5] . The cardiologist measures his cholesterol level (which is okay) and confirms with John that he is not diabetic.
The cardiologist is now ready to configure the heart monitor application and cardiac rehabilitation application directly on the smart phone. He decides that John will have to wear an ECG sensor day and night and needs to measure his blood pressure and weight several times a day. The applications are password protected so that only a cardiologist can configure the sensors and sensor specific settings. Since John has bad eye sight, but luckily no hearing problem, the cardiologist tailors the user interface to interact with John using sound and vibrations (John will be able to change those settings when desired). Since the sensors use Bluetooth communication to transfer the data wirelessly to the smart phone, the cardiologist needs to configure the sensors he will borrow to John. Figure 3 (left) illustrates this process. The cardiologist selects the desired sensor from the dropdown list and turns on the corresponding sensor. The smart phone will automatically scan for Bluetooth devices when the search button is clicked. The cardiologist then assigns the sensor to the specific Bluetooth sensor found and sets the corresponding COM-port and Baud-rate. He can also specify the polling rate indicating how fast data should be collected from the sensor. The application has build-in security features that will automatically reconnect a sensor in case of connection loss.
In Figure 3 (right) we can see that the cardiologist sets the warning level to 120 bpm to automatically warn the patient and the cardiologist. He sets the threshold level to 150 bpm for calling the emergency services. Under no circumstances should John's heart rate go over 150 bpm for the next 30 days. The cardiologist configures the blood pressure monitor and weight monitor in a similar way. In addition, he configures when John should measure his blood pressure (morning, after lunch and evening). The application will automatically remind John when its time to measure his weight or blood pressure.
The cardiologist then explains to John how to attach the ECG monitor to his body and in particular how to place the electrodes correctly.
He also demonstrates how to take the blood pressure correctly. Since the blood pressure monitor and scale are Bluetooth enabled, John only needs to push one button on each device to have the values automatically transmitted to his smart phone. 
A normal day for the patient
John is back home for a week and happy to be in his own environment. He also appreciates that other people do not see that he is wearing an ECG sensor ( Figure 5, right) . He uses the smart phone the cardiologist borrowed him as his everyday mobile phone. After a good night's sleep, John wakes up and checks if the ECG electrodes are still properly attached to his body. The smart phone stayed in the cradle/charger overnight and the battery is fully charged. John feels more secure since he is monitored around the clock and he knows that if something goes wrong, the ambulance and the cardiologist will be contacted immediately.
As directed by the cardiologist, John checks his weight and blood pressure and keeps a log of what could explain a change in the readings (e.g. positive stress: birth of a grand child). Keeping a log is achieved by a simple interface on the smart phone where John can select an activity from a dropdown
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John checks the blood pressure and weight according to the schedule prescribed by the cardiologist. The heart monitor application will remind him when a new check is due.
The cardiologist advised John to walk everyday for 30 minutes. The cardiologist configured the smart phone to be connected to a Bluetooth GPS receiver and John activates the GPS receiver when he is ready. The GPS and the application can track John while he is walking in the park and in clear sight of GPS satellites.
After the walk, John decides to say hello to his mates at the bowling club and have lunch with them. Since it is John's first visit to the bowling club since his operation, he records and senses this new location on his smart phone. The cardiologist told him to do so for all indoor locations he frequently visits.
WiFi and GSM can be used to determine the location when indoors [12] . Since GSM cellid and WiFi access points are not automatically related to a location, John has to 'relate' the Bowling club with the WiFi/GSM cellid data. Figure 6 shows how John can automatically spot WiFi access points and GSM cellids and assign these to the address of his bowling club. This information will allow the ambulance to locate him in case John has a second heart attack. Back home, John decides to watch a movie. During that time, he places the smart phone in its cradle to charge the battery (the smart phone battery lasts for approximately 8 hours). As long as he stays within 10 meters of the smart phone he is monitored.
When John places the smart phone in the cradle, which is connected via his PC to the internet, the application automatically uploads the recorded data to the health centre database. The application records normal and non urgent warnings and can download new configuration data to the smart phone application as set by the cardiologist.
Half way through the movie, someone knocks on his door and John goes towards the door. However, he moves out of the smart phone's Bluetooth range and the smart phone plays loudly a message stating that the heart monitor is disconnected. John quickly grabs the smart phone and welcomes his visitor.
Towards the evening, the smart phone indicates that the ECG sensor battery is low. Since he is relaxed and feels well, he decides to change the ECG battery immediately. This takes only 1 minute and the battery lasts for approx 60 hours and he recharges the empty battery.
Some sensor threshold levels are set to congratulate or encourage John. For example, when John lost his first kilo, two days ago, the Weight monitor application congratulated him. Sensor measurements that are dangerously out of range will be transmitted directly to the health centre via GPRS and not wait till the next synchronization. This allows for the cardiologist or nurse to react immediately. When a blood pressure reading is out of range compared to a previous reading, the application will instruct John to measure the blood pressure again to avoid incorrect readings.
Healthcare centre
The healthcare centre has an application installed which is able to deal with users of the heart monitor application. John has been registered with this healthcare centre application and if one of the indicators is out of range, as set by the cardiologist, the application will alert the nurse in charge. The nurse will check his health record and in this case checks his history of blood pressure readings.
If the nurse identifies a dangerous situation, a cardiologist will be contacted immediately. In John's case, it was a minor warning and she just contacted John to take another blood pressure measurement. It turned out that he had put the cuff wrongly and the new reading was within the normal range.
John visits the healthcare centre after two weeks and discusses any concerns he has with his health. It is also the opportunity to change some of the parameters of the heart monitor. John is irritated by the fact that the application keeps reminding him to exercise more. He knows that he doesn't walk enough but he is just not confident enough and afraid that his heart rate will go too high. The cardiologist adjusts the settings and sets him a lower objective with the promise that John will do his best.
The cardiologist also checks the blood pressure using the centres' blood pressure monitor. Since John's Proceedings of the International Conference on Mobile Business (ICMB'06) blood pressure readings vary significantly the cardiologist explains again to John how to properly place the cuff to obtain a correct reading.
Emergency
One day, John is walking his dog in the park when he starts feeling a strong pain in the chest. At the same time the smart phone detects a ventricular fibrillation 1 rhythm which is a life threatening arrhythmia. John collapses and passes out. The smart phone plays loudly a message notifying John (Figure 7, left) . If John was feeling well he would have had the opportunity to disable the alarm but this is not the case. The smart phone automatically dials 000 and plays a recorded message stating John's name, the emergency and location. Also an SMS is send to the cardiologist and caregivers to warn them. Since GPS is activated the ambulance gets the longitude/latitude coordinates. While the ambulance is on its way, a message is played continuously on the smart phone. It says that John is having a heart attack and plays a first aid message instructing (potential) bystanders what to do. The ambulance reaches John in time and was able to treat him successfully by applying a defibrillator to the chest
Prototype
The scenarios described above are based on the prototype we are developing at the University of Technology, Sydney.
1 A lethal arrhythmia characterized by the rapid, chaotic movements of the heart muscle that causes the heart to stop functioning and leads quickly to cardiac arrest. We developed the personalized heart monitoring application on Microsoft's Windows Mobile Pocket PC platform. We selected this platform due to easy access to lower level APIs which are needed for the sensor manager modules. Also the tight integration with the operating system allows easier access to other applications running on the mobile device such as the calendar application, WiFi and obtaining the GSM cellid. We used the .Net Compact Framework extended with OpenNETCF [13] modules to build the application. The data is stored in an SQL CE Server which is a compact database for mobile devices.
We use a Bluetooth ECG/Accelerometer sensor from Alive Technologies [11] to detect life threatening arrhythmias and to detect falls. We focused on the ECG sensor and developed a heart beat detector and classifier complemented with a Ventricular Fibrillation and Ventricular Tachycardia detection algorithm [14] . The algorithms have been tested on ECG files from the MIT/BIH Arrhythmia Database [15] . This is a commonly used database to test and study different types of arrhythmias. The heart beat detector and classifier has a sensitivity value of 99.42% and a positive predictive value of 99.51% when tested against the MIT/BIH Arrhythmia records. This is a high level of accuracy and the algorithm is also capable of processing the live ECG data in real-time.
We use a Bluetooth enabled Blood Pressure Monitor and Scale from A&D Medical [10] to be used with the Blood Pressure Monitor and Weight Monitor application which are currently prototyped.
The healthcare centre application is based on Microsoft .Net technology using IIS and SQL Database. We use ASP.net to create dynamic web applications.
We are currently focusing on the personalization aspect in cooperation with cardiac specialists. We are refining which information should be displayed depending on the type of patient. We are also developing an algorithm that uses the accelerometer data to accurately determine whether a patient has fallen or not.
In the near future we plan to conduct trials on cardiac patients in cooperation with a Sydney hospital to determine the feasibility and reliability of our prototype. This will provide us with valuable feedback to improve the application.
Conclusion
This paper described a 24/7 personalized heart monitoring using smart phones and wireless wearable sensors. Important features of the application are the following:
• the analysis of the sensor data on the local device, • the possibility to call for external help and locate the patient in case of an emergency, • high level of personalization.
• keeps a record of the data for further analysis by the healthcare centre.
By processing the data locally on the smart phone, a patient is monitored and reassured without needing to be continuously connected to a healthcare centre. This reduces the workload of medical staff, communication costs and motivates the patient's self-care.
The connection to a healthcare centre is important since there are limits to what can be processed locally and monitored automatically. We need the expertise of medical staff to complement our application.
The application provides valuable 24/7 sensor data which the medical staff can use to identify a problem and give a diagnosis. They can crosscheck, validate, and fine tune the personalization of the smart heart application to tailor it to a particular patient.
An issue will be the acceptance of our application by a health centre and medical specialists if we want the application to be used on a large scale.
We believe that our system is a low intrusive 24/7 heart monitoring application which will promote patient's autonomy and by providing personalized advice we hope that it will give the patients more confidence and improve their quality of life.
